A synthetic pathway has been constructed for the production of glucuronic and glucaric acids from glucose in Escherichia coli. Coexpression of the genes encoding myo-inositol-1-phosphate synthase (Ino1) from Saccharomyces cerevisiae and myo-inositol oxygenase (MIOX) from mice led to production of glucuronic acid through the intermediate myo-inositol. Glucuronic acid concentrations up to 0.3 g/liter were measured in the culture broth. The activity of MIOX was rate limiting, resulting in the accumulation of both myo-inositol and glucuronic acid as final products, in approximately equal concentrations. Inclusion of a third enzyme, uronate dehydrogenase (Udh) from Pseudomonas syringae, facilitated the conversion of glucuronic acid to glucaric acid. The activity of this recombinant enzyme was more than 2 orders of magnitude higher than that of Ino1 and MIOX and increased overall flux through the pathway such that glucaric acid concentrations in excess of 1 g/liter were observed. This represents a novel microbial system for the biological production of glucaric acid, a "top value-added chemical" from biomass.
The discipline of metabolic engineering was defined more than 15 years ago as "the improvement of cellular activities by manipulations of enzymatic, transport, and regulatory functions of the cell with the use of recombinant DNA technology" (5) . It has shown its potential to optimize cellular functions for many purposes including recombinant protein production and pathway engineering for productivity enhancement. More recently, the field has produced several important accomplishments in the area of pathway design for new product generation. We consider a designed pathway as one in which a sequence of conversions is assembled from the individual enzymes of multiple hosts, in a sequence that is not native to any single organism. As examples, we highlight the production of 1,3-propanediol (26) , amorphadiene (22) , and 1,2,4-butanetriol (27) in Escherichia coli. In these approaches, the conversion steps were designed based on enzyme availability, the recruited enzyme activities from various organisms were identified, and the designed pathways were constructed in E. coli by assembling these enzymatic steps. The general concept incorporated in these metabolic engineering examples is to consider biological components, including enzymes, as interchangeable parts, and the term "synthetic biology" has been used to describe this concept (8, 39) . The ability to conceive of and assemble new biosynthetic pathways by combining protein parts from multiple sources leads to increased possibilities for the construction of microbial chemical factories to produce compounds that do not have a microbial origin.
One such compound of interest is D-glucaric acid. D-Glucaric acid is found in fruits, vegetables, and mammals. It is available as a dietary supplement in the form of calcium D-glucarate and has been studied for therapeutic purposes including cholesterol reduction (36) and cancer chemotherapy (33, 34) . DGlucaric acid was also identified as a "top value-added chemical from biomass" in a report of the Pacific Northwest National Laboratory and the National Renewable Energy Laboratory (37) , which also described its potential use as a building block for a number of polymers, including new nylons and hyperbranched polyesters. Indeed, D-glucaric acid produced from D-glucose has been successfully utilized to produce a hydroxylated nylon, resulting in a presumably biodegradable fiber (19) . D-Glucaric acid is a highly functionalized compound with four chiral carbons and is currently produced by chemical oxidation of glucose, a nonselective and expensive process using nitric acid as the oxidant (37) . New catalytic processes using biological systems may lead to higher yield and selectivity.
To construct a biological system for the synthesis of D-glucaric acid, it is reasonable to start with an examination of the naturally existing mammalian pathway, which has been elucidated (20) . D-Glucaric acid and L-ascorbic acid are both end products of the D-glucuronic acid pathway. This pathway is a cycle that is initiated with either D-galactose or D-glucose and interacts with the pentose phosphate pathway. D-Glucuronic acid is converted to D-glucaric acid in three successive steps through the intermediates D-glucurono-␥-lactone and D-glucaro-␥-lactone. Therefore, there is a known route for the production of D-glucaric acid from D-glucose. However, this is a lengthy pathway, consisting of more than 10 conversion steps.
Here we describe the construction of a synthetic pathway for the production of D-glucaric acid in E. coli by combining biological parts from disparate organisms (Fig. 1) . myo-Inositol-1-phosphate synthase (Ino1, also known as MIPS), encoded by the INO1 gene of Saccharomyces cerevisiae, is used to produce myo-inositol-1-phosphate from glucose-6-phosphate (14) . Ino1 requires NAD ϩ for activity, but the cofactor is regenerated in the isomerization reaction. The Ino1 substrate is present in E.
coli as the result of glucose transport by the phosphoenolpyruvate-dependent phosphotransferase system, which consumes one molecule of phosphoenolpyruvate per molecule of glucose transported (29) . myo-Inositol-1-phosphate, the product of the Ino1 reaction, is hydrolytically dephosphorylated to produce myo-inositol by an endogenous phosphatase (23) . In yeast, myo-inositol is a constituent of membrane phospholipids, and its derivatives are important for cell signaling. A second recombinant enzyme, myo-inositol oxygenase (MIOX), can convert myo-inositol to D-glucuronic acid using molecular oxygen. This enzyme is present primarily in mammalian sources and represents the first step of myo-inositol catabolism (13) . Coexpression of these two enzymes in E. coli enables the production of D-glucuronic acid from D-glucose. As an alternative to the three-step mammalian route for producing D-glucaric acid from D-glucuronic acid, uronate dehydrogenase from Pseudomonas syringae can perform this conversion utilizing NAD ϩ as a cofactor and a water molecule (7, 35) . The udh gene encoding this activity was recently cloned and characterized (40) . Expression of this third gene with INO1 and MIOX enables the production of D-glucaric acid from D-glucose. 
MATERIALS AND METHODS

Strains
were used as hosts for production of organic acids. Competent cells of both strains were purchased from Invitrogen Corporation (Carlsbad, CA). Cultures were propagated in either Luria-Bertani (LB) or M9 medium. LB (Miller) medium was prepared from dehydrated powder according to the manufacturer's instructions (BD Biosciences, San Jose, CA). M9 was prepared as described previously (32) and consisted of 1ϫ M9 salts (12.8 g/liter Na 2 HPO 4 ⅐ 7H 2 O, 3 g/liter KH 2 PO 4 , 0.5 g/liter NaCl, 1 g/liter NH 4 Cl), 2 mM MgSO 4 , 0.1 mM CaCl 2 , and 10 g/liter (1%) glucose. Leucine was added to a final concentration of 105 g/ml for DH10B. Kanamycin was added to a final concentration of 20 g/ml and ampicillin to a final concentration of 100 g/ml where desired to provide selective pressure for plasmid maintenance.
All molecular biology manipulations were performed according to standard practices (32) . The INO1 gene, encoding Ino1, was PCR amplified from a genomic DNA preparation of Saccharomyces cerevisiae with the following primers: forward, 5Ј-GAATTCATGACAGAAGATAATATTGCTC-3Ј; reverse, 5Ј-AAGCTTCTACAACAATCTCTCTTCG-3Ј. EcoRI and HindIII restriction sites included in the 5Ј ends of the primers are underlined. The mouse MIOX gene, encoding myo-inositol oxygenase, was synthesized with codon optimization for expression in E. coli by DNA 2.0 (Menlo Park, CA) based on the sequence with GenBank accession number AF197127. Optimization of the 858-nucleotide (286-codon) sequence was performed by the vendor, with the results summarized as follows (see the supplemental material). A total of 19.2% of the nucleotides were altered, affecting 153 of the 286 codons (53.5%). Among the optimized codons, 144 (94.1%) were altered only at the third nucleotide position. All three nucleotides were changed in three of the codons. The synthetic gene was received as plasmid pJ2-MIOX. EcoRI and HindIII restriction sites were included in the 5Ј and 3Ј ends of the gene, respectively. Both genes were subcloned into the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible plasmids pMMB206 (25) and pTrc99A (2) to confirm activity of the expressed enzymes. The resulting plasmids were designated pMMB-INO1, pTrc-INO1, pMMB-MIOX, and pTrc-MIOX. For coexpression of both genes, the pRSFDuet-1 vector from Novagen (Gibbstown, NJ), containing two T7 promoters, was used. The INO1 gene was subcloned into the first position by using the EcoRI and HindIII sites, producing plasmid pRSFD-IN. To introduce the MIOX gene into the second position, the HindIII site of pJ2-MIOX was end filled using Klenow enzyme prior to digestion with EcoRI. pRSFD-IN was first digested with XhoI and end filled and then digested with the EcoRI-compatible MfeI prior to ligation with the MIOX gene fragment. The resulting plasmid was designated pRSFD-IN-MI. We previously isolated the udh gene, encoding uronate dehydrogenase, from Pseudomonas syringae (GenBank accession number EU377538) and subcloned the gene into pTrc99A to produce pT1053 (referred to in Table 2 as pTrc-udh) as described previously (40) .
Enzyme assays for Ino1, MIOX, and Udh activity. Functional expression of the INO1, MIOX, and udh genes was confirmed through in vitro assays of enzyme activity. Crude lysates were prepared by first resuspending cell pellets from 1 to 2 ml culture in 100 to 200 l 10 mM Tris-Cl (pH 8.0) with 1 mg/ml lysozyme. Cell solutions were lysed by alternating freezing in liquid nitrogen with thawing in 30 to 40°C water for five cycles. The resulting solutions were centrifuged at 14,000 rpm at 4°C for 15 min to remove insolubles. The total protein concentration of lysates was determined using the Bradford method (11).
Assays for myo-inositol-1-phosphate synthase activity were performed as described previously (1, 6) . Briefly, glucose-6-phosphate substrate was converted to myo-inositol-1-phosphate in a reaction buffer consisting of 50 mM Tris-acetate (pH 7.5), 0.8 mM NAD ϩ , 14 mM NH 4 Cl, 5 mM mercaptoethanol, and 5 mM glucose-6-phosphate. Reactions were initiated with the addition of lysate, and reaction mixtures were incubated for 1 h at 37°C. Reactions were terminated with the addition of 0.4 volume 20% trichloroacetic acid. To quantitate the product, inorganic phosphate was removed from the myo-inositol-1-phosphate by oxidation with an equal volume of 0.2 M NaIO 4 . Excess periodate was destroyed by the addition of an equal volume of 1 M Na 2 SO 3 . Control reactions were established without glucose-6-phosphate and without addition of periodate.
Assays for MIOX activity were performed as described previously (4, 30, 31) . The reaction buffer consisted of 50 mM Tris-Cl (pH 8.0), 2 mM L-cysteine, 1 mM Fe(NH 4 ) 2 (SO 4 ) 2 , and 60 mM myo-inositol. Samples were preincubated without substrate for 10 min at 30°C to activate the MIOX enzyme. Reaction mixtures were incubated for 1 h at 30°C, and then reactions were terminated with the addition of 1/10 volume 30% trichloroacetic acid. The glucuronic acid produced was quantified with an orcinol reagent (13) . The reagent consisted of 40 mg orcinol in 10 ml concentrated HCl containing 5.4 mg FeCl 3 . One volume of sample was mixed with 2 volumes of orcinol reagent, and the mixture was incubated for 30 min in boiling water. After the mixture was cooled to room temperature, absorbance at 670 nm was measured to determine glucuronic acid concentration. Control reactions were established without myo-inositol to account for background.
Assays for uronate dehydrogenase activity were performed by monitoring NADH cofactor generation at 340 nm as described previously (35, 40) . The reaction mixture contained 100 mM sodium phosphate buffer (pH 8.0), 2.5 mM glucuronic acid, 0.9 mM NAD ϩ , and bacterial lysate prepared as described above.
Growth conditions for acid production. Cultures were grown in LB medium supplemented with 10 g/liter glucose and induced with IPTG as indicated in Results. An inoculum was prepared in LB medium, and 1 or 2% (vol/vol) was used to inoculate 250-ml baffled flasks containing 50 or 100 ml of medium. The cultures were incubated at 30°C and 250 rpm, with periodic sampling to determine cell density and product concentration in the culture medium.
Detection and quantification of organic acids. Metabolites including glucuronic acid and glucaric acid were quantified by high-performance liquid chromatography (HPLC 
RESULTS
Verification of recombinant Ino1 and MIOX activities. The use of myo-inositol-1-phosphate synthase (Ino1) from Saccharomyces cerevisiae to produce high concentrations of myo-inositol through E. coli fermentation has been previously reported (15) . Product titers of up to 21 g/liter were obtained under high-cell-density, fed-batch fermentations operated for 54 h. To confirm Ino1 performance in shake flasks, the corresponding gene was amplified, inserted into a compatible vector, and then subcloned into both high-and medium-copy-number plasmids for expression in the common laboratory strain DH10B. Plasmid pTrc-INO1 contains the modified ColE1 replicon, which results in copy numbers of several hundred, while pMMB-INO1 is based on the RSF1010 replicon, with a copy numbers of the order of 10. Two plasmids were evaluated to explore the potential for coexpression of the INO1 and MIOX genes in a single strain using compatible vectors. In vitro activities of 344 nmol/h/mg and 128 nmol/h/mg were measured for cultures harboring pTrc-INO1 and pMMB-INO1, respectively, and incubated at 30°C in LB medium supplemented with 10 g/liter glucose, indicating successful expression of the enzyme. However, only expression from the high-copy-number plasmid resulted in accumulation of measurable quantities of myo-inositol in the culture medium, 0.37 g/liter. Activity was also a strong function of temperature, with none detectable for cultures grown at 37°C. myo-Inositol production was also tested in M9 minimal medium. We postulated that growth in minimal medium with glucose as the only carbon source might increase glucose flux and accordingly increase myo-inositol production. However, only one-half the amount of myo-inositol was produced, suggesting that, while glucose flux may indeed be higher, the Ino1 enzyme expressed under these conditions does not compete as effectively against glycolysis for substrate. Subsequent experiments were conducted in LB medium supplemented with glucose.
MIOX is a protein of primarily eukaryotic origin, and the homologues from humans, mice, rats, and pigs are the ones that have been best characterized (3, 4, 30, 31) . MIOX has been functionally expressed in E. coli and purified for characterization of the enzyme's properties; however, to our knowledge, mammalian MIOX has not been used in a whole-cell, recombinant system to produce glucuronic acid. The mouse version of the enzyme had been found to have the most favorable properties upon expression in E. coli (3) and was chosen for investigation. A synthetic version of the gene was purchased from DNA 2.0, with codon optimization for E. coli. This gene was also subcloned into both the high-copy-number and low-copy-number vectors used to evaluate Ino1 activity in DH10B. MIOX activity was initially evaluated at 37°C since the enzyme is of mammalian origin.
The MIOX enzyme is known to require Fe 2ϩ and cysteine for activation in vitro (4) . The addition of these compounds to the culture medium did not improve the expression of the enzyme from pTrc-MIOX, as measured in the in vitro assay, but rather resulted in a decrease in activity (Table 1) . Glucuronic acid was still measured in the culture medium, though at a lower concentration. The observed decrease in enzyme activity coincided with a significant decrease in cell density, indicating toxicity of these compounds to the host. As reported previously (30, 31) , MIOX activity is inhibited by Fe 2ϩ and cysteine at high concentrations. While the extracellular concentrations were set at a level that activates the enzyme in the in vitro assay, the corresponding intracellular concentrations are unknown. It was also reported previously that inclusion of myo-inositol in the culture medium improved soluble expression of MIOX in E. coli (3) . We also observed this behavior, noting a sharp decrease in activity of the enzyme when expressed in the absence of myo-inositol supplementation (Table  1) . One striking feature of recombinant MIOX is its apparent instability (3). High activity was observed in samples taken during exponential phase (6 h after inoculation), but activity dropped substantially in stationary phase (24 h after inoculation) ( Table 1 ). The background activity of the assay, as measured in control samples containing an empty pTrc99A plasmid, generally increases with time. Note that the high background of the assay results from the nonspecificity of the orcinol reagent, which is known to react with other biological compounds, though to a smaller extent. As a result, the assay may not be reliable for precise quantification of enzyme activity. However, the observed differences between samples with and without myo-inositol and between samples with myo-inositol at early and late time points are sufficiently large that the trends can be considered significant.
Neither in vitro enzyme activity nor in vivo production of glucuronic acid was observed in cultures containing the lowercopy-number pMMB-MIOX construct, suggesting that high expression levels are required to achieve measurable MIOX activity. Because INO1 is actively expressed only at 30°C, the in vivo performance of MIOX when expressed from the highcopy-number plasmid was also evaluated at this temperature. A comparable amount of glucuronic acid, 0.40 g/liter, was Production of glucuronic acid from glucose. Production of glucuronic acid from glucose requires the coexpression of both INO1 and MIOX in the same strain. The compatible plasmids pTrc99A and pMMB206 were both investigated, with the expectation that a doubly transformed strain containing either pTrc-INO1 and pMMB-MIOX or pMMB-INO1 and pTrc-MIOX could be used for production. However, our results indicated that reasonable in vivo activities, as determined by accumulation of each desired product in the culture medium, were achievable only with expression of both genes from highcopy-number plasmids. To address this issue, we introduced genes for both enzymes into the high-copy-number pRSFDuet vector, which contains a pair of multicloning sites, each behind a T7 promoter. Enzyme activities were confirmed as described previously, and expression was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (data not shown). In this manner, an IPTG concentration of 0.1 mM was determined to be preferred. The host strain was also changed from DH10B to BL21 Star (DE3) to enable expression from the T7 promoter. We had previously observed that DH10B was incapable of consuming glucuronic acid for growth (data not shown). BL21 Star (DE3) can metabolize glucuronic acid; however, its consumption appeared to be subject to catabolite repression (data not shown). Therefore, cultivation of the strain in excess glucose prevents consumption of the desired product.
The BL21 Star (DE3) strain carrying pRSFD-IN-MI is capable of producing glucuronic acid from glucose, though to levels of only ϳ270 mg/liter (Fig. 2) . The culture profile shows that glucuronic acid is present after 24 h with no intermediates detectable, and the concentration increases by 50% in 4 days. However, after 48 h, significant quantities of myo-inositol appear in the culture medium. myo-Inositol continues to accumulate in the medium and is present in concentrations slightly higher than those of the desired end product, glucuronic acid, by the end of the experiment. The final glucuronic acid concentration, 0.27 g/liter, is lower than that observed with direct conversion of myo-inositol in the DH10B(pTrc-MIOX) system above (0.78 g/liter). The accumulation of myo-inositol suggests that MIOX activity is the limiting factor in production of high concentrations of glucuronic acid. In vitro assays confirmed that Ino1 activity is significantly higher than that for the vectoronly control throughout the course of the experiment, with only marginal background activity appearing after 3 days (data not shown). In contrast, MIOX activity was only slightly higher than background after 1 day and was subsequently indistinguishable from background. This is consistent with the results summarized previously ( Table 1 ) that indicate that MIOX activity drops sharply after 24 h. Additionally, it is likely that the activity of MIOX in this system is limited by the concentration of myo-inositol produced by Ino1. While an extracellular supplementation of 60 mM (10.8 g/liter) myo-inositol does not mean the intracellular concentration is also this high, it is reasonable to suspect that the intracellular concentrations of myo-inositol that result from Ino1 activity are likely to fall short of the equivalent concentration.
Production of glucaric acid from glucose. We recently cloned and characterized the gene encoding uronate dehydrogenase activity from Pseudomonas syringae pv. tomato DC3000 (40) . The udh gene was found to be very well expressed in E. coli, resulting in high enzyme activities. For the production of glucaric acid, we utilized a previously constructed vector harboring the udh gene in pTrc99A, which is compatible with pRSFD-IN-MI. Both vectors were introduced into BL21 Star (DE3) to construct an E. coli strain carrying INO1, the MIOX (Table 2 ). To our surprise, up to 1 g/liter of glucaric acid was produced although only 0.27 g/liter of glucuronic acid was previously observed in the system harboring the first two genes. Under induction conditions identical to those previously used for glucuronic acid ( Table 2 , condition A), 0.72 g/liter of glucaric acid was produced. To further characterize the system, enzyme activities in crude lysates were measured after each day of culture (Fig. 3) . Udh activity was highest, more than 2 orders of magnitude higher than Ino1 activity and 3 orders of magnitude higher than MIOX activity. The high activity of Udh thus appears to pull glucose flux through the glucaric acid pathway, leading to a relatively higher titer of glucaric acid. In these samples, MIOX activity does not appear to decrease over time as observed previously; however, the magnitude of the activity remains quite low. Additionally, the first data point here is after 1 day, when MIOX activity was previously shown to have decreased significantly from that observed during exponential growth (Table 1) . No glucuronic acid was detected after 3 days of culture time while myo-inositol accumulated, confirming that the MIOX-catalyzed step is limiting. The three induction conditions tested resulted in glucaric acid concentrations that ranged from 0.72 to 1.13 g/liter. In general, higher induction levels, i.e., higher IPTG concentrations, resulted in a higher yield of glucaric acid on glucose but lower product concentration (compare, for example, conditions A and B in Table 2 ). Higher induction levels also led to less glucose consumption and a lower cell density, indicating a metabolic burden associated with higher expression of the three enzymes. However, in the case of lower glucose consumption rate, a higher fraction of glucose flux was directed toward glucaric acid production versus biomass. We also observed that poorer aeration, resulting from doubling the total culture volume from 50 to 100 ml in 250-ml baffled flasks, led to a decrease in the glucaric acid titer by one-half, while growth was not affected (data not shown). This reduced titer is likely attributed to the fact that MIOX, the enzyme for the limiting step, uses molecular oxygen as a cosubstrate (12, 38) . Finally, production of glucaric acid in M9 minimal medium was tested; however, a negligible amount of glucaric acid was produced.
DISCUSSION
We have assembled a biosynthetic pathway for the production of glucaric acid using enzymes from three disparate sources: Ino1 from S. cerevisiae, MIOX from mice, and Udh from P. syringae. An endogenous phosphatase also participates in the pathway. The suhB gene product of E. coli has been shown to possess inositol monophosphatase activity in vitro and is therefore a reasonable candidate for this endogenous activity (23) . This pathway is attractive from a thermodynamics perspective, since the standard free energy changes (⌬G) for all three steps, as estimated by group contribution theory (21, 24) and considering molecular oxygen as the ultimate oxidant, are all negative: Ϫ14.3 kcal/mol for the glucose-to-myo-inositol step; Ϫ86.8 kcal/ mol for the myo-inositol-to-glucuronic acid step; Ϫ55.9 kcal/mol for the glucuronic acid-to-glucaric acid step.
However, as Khosla and Keasling have indicated (18), metabolic engineering is more than simply recruiting various enzymes. It also involves global optimization of metabolic flux when perturbations such as the introduction of new pathways into a host organism are made. Issues of metabolic burden associated with the maintenance of plasmids and expression of plasmid-carried genes are of particular interest in this case (9, 10, 17) . In our system, a detectable amount of glucuronic acid was produced in vivo only by high-copy-number plasmids. Glucose-6-phosphate, the first substrate, should not be limiting for central metabolism because LB medium supplemented with excess glucose was used for growth. Therefore, it appears that high expression levels of the recombinant genes are needed in order to compete with the fast and robust glycolysis pathway and to divert glucose-6-phosphate toward glucuronic acid. The result that only small amounts of myo-inositol and no detectable amounts of the organic acids were produced in M9 medium implies that, when glucose is the sole carbon and energy source, almost all of the substrate enters endogenous cellular metabolism. This competition may also explain why the yield of glucaric acid on glucose during the first 2 days of the process, when glucose concentration is higher in the medium, is generally higher than that during the later days, when the concentration is lower (data not shown). The requirement for myoinositol to achieve high MIOX activity suggests that low productivity from the Ino1 enzyme may ultimately be the limitation for formation of the organic acids in M9 medium. Alternatively, MIOX may be poorly expressed in minimal medium. It should be noted that previous studies with Ino1 that also employed a high-copy-number plasmid for gene expression have demonstrated high levels of myo-inositol production in an alternative chemically defined medium; however, these experiments were conducted in larger-scale, fed-batch fermentations for several days (15) . During the initial batch period prior to the onset of glucose feeding (approximately 10 h), the myo-inositol concentration was less than 1 g/liter. Thus, it is worth exploring the extent to which cultivation under fed-batch conditions could improve the productivity of our system. Plasmid copy number is not the only factor related to ex- Table 2 , increasing the inducer concentration to increase expression resulted in lower product concentration. IPTG concentrations below 0.05 mM did not improve glucaric acid production even though glucose consumption rate and growth rate were enhanced due to the reduced metabolic burden (data not shown). E. coli growth is better at 37°C than at 30°C, and the activity of the rate-limiting enzyme MIOX should be higher at 37°C. However, fermentation was performed at 30°C because Ino1 was functionally expressed only at this lower temperature. Considering the reported unusual thermal instability of Udh (7, 35) , a temperature lower than 30°C may be better for its activity; however, we observed that the Udh activity at 30°C was much higher than that of either Ino1 or MIOX (Fig. 3) and selected 30°C as the culture temperature to maximize the functional expression of Ino1.
In considering overall limitations on the productivity of this system, potential inhibition by intermediates in the pathway should be examined. MIOX from hog kidney was reported to be inhibited in vitro by D-glucaric acid but not by D-glucuronate and D-glucuronolactone (30, 31) . Given that MIOX activity dropped sharply at the stationary phase even in the absence of D-glucaric acid (Table 1) , low MIOX activity is more likely due to its intrinsic instability than inhibition by intermediates (3). It should also be noted that we did not overexpress the suhB gene or a phosphatase homologous to its product. However, no myo-inositol-1-phosphate was detected among the culture products, while myo-inositol did accumulate. Therefore, we conclude that the phosphatase activity does not limit flux through the pathway. E. coli also contains the D-glucarate catabolic pathway (16) . Indeed, the ability of E. coli to consume D-glucarate as the sole carbon source for growth was used to develop a screen to identify uronate dehydrogenase activity (40) . BL21 Star (DE3) can also metabolize D-glucuronic acid. However, the consumption of both organic acids appears to be subject to catabolite repression, preventing the undesirable loss of products in the presence of glucose (data not shown). The theoretical limit of D-glucaric acid titer therefore seems to be determined by the toxicity of the acids and the kinetics of each step. We have observed that E. coli growth and glucose consumption are not affected by the addition of potassium glucarate and sodium glucuronate at concentrations as high as 10 g/liter (data not shown); thus, there is room for improvement of titers by focusing on improving the kinetics of the rate-limiting steps. We are investigating further optimization for enhancing glucose flux to our synthetic pathway by recruiting better enzymes from different sources, engineering these enzymes, and downregulating the competing pathways.
